Integrin-linked kinase (ILK) is an ankyrinrepeat containing serine-threonine protein kinase capable of interacting with the cytoplasmic domains of integrin ␤1, ␤2, and ␤3 subunits. Overexpression of ILK in epithelial cells disrupts cell-extracellular matrix as well as cell-cell interactions, suppresses suspension-induced apoptosis (also called Anoikis), and stimulates anchorage-independent cell cycle progression. In addition, ILK induces nuclear translocation of ␤-catenin, where the latter associates with a T cell factor͞ lymphocyte enhancer-binding factor 1 (TCF͞LEF-1) to form an activated transcription factor. We now demonstrate that ILK activity is rapidly, but transiently, stimulated upon attachment of cells to fibronectin, as well as by insulin, in a phosphoinositide-3-OH kinase [Pi(3)K]-dependent manner. Furthermore, phosphatidylinositol(3,4,5)trisphosphate specifically stimulates the activity of ILK in vitro, and in addition, membrane targetted constitutively active Pi(3)K activates ILK in vivo. We also demonstrate here that ILK is an upstream effector of the Pi(3)K-dependent regulation of both protein kinase B (PKB͞AKT) and glycogen synthase kinase 3 (GSK-3). Specifically, ILK can directly phosphorylate GSK-3 in vitro and when stably, or transiently, overexpressed in cells can inhibit GSK-3 activity, whereas the overexpression of kinasedeficient ILK enhances GSK-3 activity. In addition, kinaseactive ILK can phosphorylate PKB͞AKT on serine-473, whereas kinase-deficient ILK severely inhibits endogenous phosphorylation of PKB͞AKT on serine-473, demonstrating that ILK is involved in agonist stimulated, Pi(3)K-dependent, PKB͞AKT activation. ILK is thus a receptor-proximal effector for the Pi(3)K-dependent, extracellular matrix and growth factor mediated, activation of PKB͞AKT, and inhibition of GSK-3.
Phosphatidylinositol 3-kinase ␣(Pi(3)K) is a receptor proximal intracellular effector activated in response to a wide variety of extracellular stimuli, which include growth factors and cytokines, as well as adhesion to extracellular matrices (1, 2) . The phosphatidylinositol lipid product of Pi(3)K, phosphatidylinositol (3, 4, 5) trisphosphate [PtdIns (3, 4, 5) P3] is a second messenger that acts on pathways that control cell proliferation, cell survival, protein translation, and metabolic changes, largely through the activation of protein kinase B (PKB) (also known as AKT) and p70S6 kinase (p70S6K), or the inhibition of glycogen synthase kinase 3 (GSK-3) (1, 3) . PKB͞AKT promotes cell survival by inhibiting apoptosis, is a protooncogene (4, 5) , and has been shown to be activated in a Pi(3)K-dependent manner (2, 6, 7) . GSK-3, on the other hand, is negatively regulated in a Pi(3)K-dependent manner upon insulin stimulation (8) and is also a critical component of the Wnt-signaling pathway (9) . GSK-3 can phosphorylate highly conserved serine residues in the protein ␤-catenin in the presence of adematous polyposis coli and axin (9) . GSK-3 also can regulate protein translation by phosphorylating and inactivating eIF2B, the guanine nucleotide exchange factor for the translation initiation factor eIF2 (3) .
Pi(3)K-dependent signals therefore regulate critical cellular functions such as cell survival, cell fate determination, and protein translation via the key molecular components PKB͞ AKT, GSK-3, and p70S6K. Recent work (1, 11, 12) has led to a better understanding of how these components are regulated by Pi(3)K. The activation of PKB͞AKT by Pi(3)K requires both the phosphoinositide products of Pi(3)K as well as protein phosphorylation of threonine-308 and serine-473 of PKB͞ AKT. It is now generally recognized that PtdIns (3, 4, 5) P3 can bind to the pleckstrin homology (PH) domain of PKT͞AKT, resulting in its targeting to the plasma membrane and exposure of threonine-308. A recently identified, constitutively active kinase, PDK-1 (13, 14) , then phosphorylates PKB on threonine-308. However, this phosphorylation alone is not sufficient to fully activate PKB͞AKT, which also needs to be phosphorylated on serine-473 in a PtdIns(3,4,5)P3-dependent manner. PDK-1 also can directly phosphorylate p70S6K (14) . Although GSK-3 can be directly phosphorylated and inactivated by PKB͞AKT, GSK-3 activity also can be clearly regulated independently of PKB͞AKT, for instance via activation of the Wnt pathway (9), which does not require PKB͞AKT (15) . We have recently identified a serine-threonine protein kinase called integrin-linked kinase (ILK-1), which can interact with the cytoplasmic domain of the ␤1, ␤2, and ␤3 integrin subunits (ref. 16 and G. Downie, unpublished data). Overexpression of ILK in epithelial cells results in anchorage-independent cell survival and cell cycle progression (17) , as well as tumorigenesis in nude mice (18) . Furthermore, ILK can induce the translocation of ␤-catenin to the nucleus, resulting in the formation of LEF-1 transcription factor͞␤-catenin complex and the enhancement of LEF-1 transcriptional activity (19) . This latter finding implicates ILK in the activation of components of the Wnt-signaling pathway.
In this paper, we now report that the activity of ILK can be rapidly, but transiently, stimulated by both cell-fibronectin interactions, as well as by insulin, in a Pi(3)K-dependent
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. manner, likely via the binding of PtdIns (3, 4, 5) P3 with a PH-like domain of ILK. In addition, we demonstrate that ILK not only directly phosphorylates GSK-3 and negatively regulates its activity but also can directly phosphorylate PKB͞AKT on serine-473 in vitro, whereas a kinase-deficient form of ILK severely inhibits PKB͞AKT serine-473 phosphorylation in vivo. These data suggest that ILK is a receptor proximal effector of Pi(3)K signals regulating the kinase activities of PKB͞AKT and GSK-3.
MATERIALS AND METHODS
Stably Transfected Cells Lines. Clones of IEC-18 cells [American Type Culture Collection (ATTC)] expressing either wild-type ILK cDNA in the sense orientation (ILK-13), or anti-sense orientation (ILK-14), or a kinase-deficient ILK cDNA (GH31R), were established as described by us (16, 19) . All clones and the parental cell line were maintained in ␣-ME medium containing 5% fetal calf serum, insulin (10 mg͞liter), and glucose (3.6 g͞liter). The transfected clones also were maintained in 40 g͞ml G418 to provide selection pressure. NIH 3T3 cells (ATCC) were transfected, by using electroporation, with cDNAs-encoding haemagglutanin (HA)-tagged P110 subunits of Pi(3)K in pcDNA3 expression vectors kindly provided by M. Thelen (University of Bern, Switzerland). After selection in G418 (0.8 mg͞ml), the transfected cells were cloned by limited dilution, and clones expressing HA-tagged p110 Pi(3)K were expanded and maintained in DMEM containing 10% donor calf serum and G418 (40 g͞ml).
Transient Transfections. All transient transfection assays were carried out in 293 human embryonic kidney cells (obtained from M. Moran, University of Toronto). The cells were maintained in DMEM containing 10% donor calf serum. The cells were transfected with ILK cDNAs, HA-tagged GSK-3 cDNAs, or HA-tagged PKB͞AKT cDNAs by using calcium phosphate as described by us (16) . The ILK cDNAs were in p-CMV, the GSK-3 cDNAs in pcDNA3, and the PKB͞AKT cDNAs were in pCMV6 plasmids. Transfections were carried out overnight, and the cells were harvested and assayed for various kinase activities 48-60 hr later.
Kinase Assays. For kinase assays, cells were lysed in 50 mm of Hepes buffer, pH 7.5 containing NaCl (150 mM), Nonidet P-40 (1%), sodium deoxycholate (0.5%), leupeptin (10 g͞ ml), phenylmethylsulfonyl fluoride (1 mM), aprotinin (2.5 l͞ml), sodium fluoride (NaF) (5 mM), and sodium orthovanadate (1 mM). Equivalent protein concentrations of cell lysates (determined by Bradford assay) were precleared with nonspecific IgG and protein A Sepharose. After centrifugation, the supernatants were immunoprecipitated with the appropriate primary antibodies as described by us (16) . Kinase assays were carried out as described (16) . Myelin basic protein (MBP) was used as a substrate for ILK, and glycogen synthase-1 (GS-1) peptide was used for GSK-3. Phosphorylated proteins were electrophoresed on 12% SDS͞PAGE gels for detecting phosphorylated MBP and on a Tricine gel (20) for detecting phosphorylated GS-1 peptide. The gels were visualized by autoradiography or phosphorimage analysis.
Western Blot Analysis. Equivalent protein concentrations were resolved by SDS͞PAGE electrophoresis, and the proteins were electrotransfered onto poly(vinylidene difluoride) membranes. The membranes were then probed with rabbit anti-ILK antibody (16) (0.5 g͞ml), rabbit anti-GSK-3 antibody (1:400), anti-HA mAb (1 g͞ml) (Babco, Richmond, CA), or anti P-473 S AKT antibody (1:1000) (New England Biolabs), and detection was by enhanced chemiluminescence.
ILK Activation. Extracellular matrix stimulation of ILK activity was assessed in IEC-18 cells by washing the cells and incubating them for various time periods (5-60 min) in serumfree media on fibronectin (20 g͞ml) or BSA-coated plates. The cells were then lysed, and ILK activity was determined.
For assessing the effect of insulin on ILK activity, IEC-18 cells were serum starved for 18 hr and then incubated with insulin (100 nM) for the indicated time periods (0-30 min). To assess the role of Pi (3) 
RESULTS

ILK Activity Is Stimulated by Fibronectin and Insulin in a Pi(3)K-Dependent Manner.
A closer examination of the amino acid sequence of ILK has revealed the presence of a sequence motif found in PH domains (21, 22) (Fig. 1 ). This motif has been shown to be involved in the binding of phosphatidylinositol phosphates (23, 24) . Amino acids critical to the binding of such lipids to the PH domain (21) are conserved completely in ILK (Fig. 1 ). There is extensive sequence identity within this motif between ILK and other PH domain-containing proteins such as cytohesin-1 (a ␤2 integrin cytoplasmic domaininteracting protein) (24, 25) and GRP-1 (21) . To determine whether 3-phosphoinositides could stimulate the protein kinase activity of ILK, the purified kinase was incubated with phospholipids, and its activity toward MBP was measured. As shown in Fig. 2A , ILK activity is stimulated in vitro by PtdIns(3, 4, 5) trisphosphate (P3) but not by PtdIns(3, 4) bisphosphate (P2), or PtdIns(3) monophosphate (P), although in some experiments ILK activity also was stimulated to a smaller extent by PtdIns(3)P. Other phosphoinositides such as PtdIns(1,4)P2 also were found to be inactive (data not shown). Because the second messenger, PtdIns(3,4,5,)P3 is specifically generated upon receptor-mediated stimulation of Pi (3) tivity, we wanted to determine whether ILK activity is stimulated in a Pi(3)K-dependent manner.
We treated quiescent, serum starved, IEC-18 intestinal epithelial cells with insulin, which is known to activate Pi(3)K. As can be seen in Fig. 2B , ILK activity is rapidly stimulated by insulin, and this activation is inhibited by prior treatment of the cells with Wortmannin (200 nM), a specific inhibitor of Pi(3)K. Another Pi(3)K inhibitor, Ly294002, also inhibits this activation (data not shown). We also show here that ILK activity is rapidly stimulated (peak activity: 20-40 min after plating) (Fig. 2C ) upon attachment of cell to fibronectin; although, as shown by us (16) , this activity is suppressed below that in suspension cells after 60 min on fibronectin. This transient activation of ILK is also Pi(3)K-dependent because it is inhibited by LY294002 (Fig. 2C ). These data demonstrate that ILK activity is stimulated by growth factors, such as insulin, and also by cell-extracellular matrix interactions, in a Pi(3)Kdependent manner, most probably resulting from the direct interaction of Pi(3)K-generated PtdIns(3,4,5)P3 with ILK. To further demonstrate the role of Pi(3)K in ILK activation, we stably transfected NIH 3T3 cells with either constitutively activated P110 subunit of Pi (3)K (26), or a kinase-deficient mutant of Pi (3)K (26), and determined ILK activity in serumstarved, transfected clones. As shown in Fig. 3 , ILK activity is higher in cells expressing constitutively active P110 subunit of Pi(3)K, than in control cells, or those expressing kinasedeficient Pi(3)K. Furthermore, the stimulated ILK activity in these cells is inhibited by prior incubation with Ly294002 (Fig.  3) .
ILK Inhibits the Kinase Activity of GSK-3 and Can Phosphorylate GSK-3 in Vitro. We next explored the identification of the downstream effectors of ILK. Because ILK overexpression in epithelial cells results in the translocation of ␤-catenin to the nucleus (19), we wanted to determine whether ILK regulates the activity of GSK-3, a kinase that normally phosphorylates ␤-catenin in the presence of adenomatous polyposis coli and axin. GSK-3 activity is inhibited when cells encounter Wnt, a matrix-associated protein involved in cell fate determination (10). GSK-3 activity also is inhibited by insulin. The inactivation of GSK-3 by Wnt results in the inhibition of phosphorylation of ␤-catenin and its subsequent stabilization and nuclear accumulation (9) . It therefore seemed possible that ILK also may contribute to the nuclear localization of ␤-catenin by inhibiting GSK-3 activity. As shown in Fig. 4A , although GSK-3 is expressed in all IEC-18 cell transfectants, its activity is inhibited only in the ILK overexpressing ILK-13 clones (16, 19) , but not in IEC-18 cells stably expressing a kinase-deficient ILK (4), or antisense ILK cDNA (16) . Fig. 4A also illustrates that, as expected, ILK activity is Ϸ5-fold higher in ILK-13 cells compared with the control cells. GSK-3 activity also was found to be inhibited in ILK overexpressing SCP2 mammary epithelial cells (19) (data not shown). To determine whether this inhibition of GSK activity is due to ILK, we carried out transient transfection assays in human embryonal kidney epithelial cells (HEK 293). As shown in Fig. 4B , cotransfection of HA-tagged GSK-3 together with wild-type ILK resulted in inhibition of GSK-3 activity, demonstrating that kinase active ILK can inhibit GSK-3 activity. Cotransfection with kinase-deficient ILK did not result in GSK-3 inhibition but reproducibly resulted in increased GSK-3 activity over basal levels. These results suggest that the kinase-deficient ILK may be acting in a dominant-negative manner by suppressing the function of ILK. Furthermore, we also demonstrate that ILK can directly phosphorylate GSK-3 in vitro as shown in Fig. 4C , whereby coincubation of recombinant wildtype ILK with kinase-deficient recombinant GSK results in a dose-dependent phosphorylation of GSK-3. Kinase-deficient ILK did not phosphorylate GSK-3, and ILK did not phosphorylate GST-␤-catenin, or GST alone (data not shown). Because GSK-3 activity can be inhibited by phosphorylation (8) , it is possible that the inhibition of GSK-3 activity by ILK is due to its direct phosphorylation by ILK.
Kinase-Deficient ILK Inhibits PKB͞AKT Serine-473 Phosphorylation, and Purified ILK Promotes Serine-473 Phosphorylation of PKB͞AKT in Vitro. Because GSK-3 activity also can be regulated by PKB͞AKT in a Pi(3)K-dependent manner (8) , and because it has previously been shown by others that integrin engagement stimulates Pi(3)K activity leading to the activation of PKB͞AKT (27, 2), we wanted to determine whether ILK might be upstream of PKB and may regulate its phosphorylation and activation. As phosphorylation of PKB͞ AKT on serine-473 is required for its activation, we monitored PKB͞AKT activation by analyzing PKB͞AKT serine-473 phosphorylation by using an antibody that specifically reacts with phosphorylated serine-473. The finding that in cells expressing the p110 constitutively active Pi(3)K, PKB͞AKT is constitutively phosphorylated on serine-473 in the absence of serum (Fig. 3) and that in these same cells ILK activity also is constitutively stimulated suggests that ILK may regulate the serine-473 phosphorylation of PKB͞AKT. As shown in Fig.  5A , PKB͞AKT serine-473 phosphorylation is inhibited in IEC-18 cells stably transfected with the kinase-deficient ILK (19) . Cotransfection in 293 cells of HA-tagged PKB with wild-type ILK resulted in an enhancement of phosphorylation of PKB on serine-473 (Fig. 5B) , whereas cotransfection with kinase-deficient ILK resulted in a distinct inhibition of serine-473 phosphorylation (Fig. 5B) . The results from both stably transfected IEC-18 cells and transiently transfected 293 cells demonstrate that the kinase-deficient ILK competes with endogenous ILK, and thus behaving in a dominant-negative manner in the regulation of phosphorylation and activation of PKB. To determine whether ILK can directly phosphorylate PKB͞AKT on serine-473, we coincubated recombinant PKB͞ AKT with recombinant kinase active ILK in the presence of ATP and kinase reaction buffer. Phosphorylated PKB was then detected by Western blotting of the reaction products with the phosphorylated serine-473-specific antibody. As can be seen in Recombinant kinase-deficient GST-GSK-3 coupled to glutathione-Sepharose beads was incubated with increasing concentrations of GST-ILK (7.5 ng͞l) in the presence of 32 P-orthophosphate. After 2-hr incubation at 30°C, phosphorylated GSK was detected by SDS͞PAGE and autoradiography. ILK did not phosphorylate GST.
serine-473, our data suggest an important role for ILK in the activation of PKB͞AKT, probably via direct phosphorylation of serine-473.
DISCUSSION
Cell-extracellular matrix interactions via integrins result in the stimulation of various intracellular signaling pathways leading to cell survival, cell proliferation, cell migration, and cell differentiation. While the mitogenesis signal involves the activation of the components of the ras-raf-mitogen-activated protein kinase-signaling pathway (28, 29) , the pathways involved in integrin-mediated regulation of cell survival (or apoptosis suppression) and cell differentiation are not well characterized but have implicated Pi(3)K and PKB͞AKT (27, 2) . Recent evidence suggests an important role for the ILK (16) in regulating these pathways, as overexpression of ILK in epithelial cells induces anchorage-independent cell survival as well as an epithelial to mesenchymal transformation (19) . The molecular basis for the regulation of these phenotypes by ILK is unclear, but the data presented here now suggest a mechanism for the regulation of ILK activity and the identification of its downstream effectors.
We have shown here that ILK activity can be stimulated rapidly and transiently by cell attachment to fibronectin, as well as by insulin, and that the stimulation of its activity by both these agonists is dependent on the lipid kinase, Pi(3)K. Three lines of evidence support these findings. First, we have identified within the primary amino acid sequence of ILK, sequence motifs present in PH domains known to be involved in binding phosphoinositide lipids. Amino acids shown to be critical for such binding are entirely conserved in ILK and are formed within consensus motifs identified in other functional PH domains (30) . Furthermore, we have demonstrated that the second messenger product of Pi(3)K, PtdIns(3,4,5)P3, can specifically stimulate the kinase activity of ILK by several-fold in vitro. Secondly, the kinase activity of ILK is stimulated rapidly in a transient manner when epithelial cells are allowed to attach to fibronectin, or when they are exposed to insulin. Interestingly, the stimulation of ILK activity by both these agonists is inhibited by preincubation of the cells with inhibitors of Pi(3)K, namely Wortmannin, or Ly294002, providing strong evidence that the stimulation of ILK activity via integrins and receptor tyrosine kinases requires Pi(3)K activity. Lastly, ectopic expression of a membrane-bound, constitutively active form of the p110 subunit of Pi(3)K in NIH 3T3 cells results in constitutively elevated ILK activity in serum and growth factor-free conditions. The high activity is nevertheless sensitive to LY294002, clearly implicating Pi(3)K upstream of ILK.
In trying to identify downstream effectors of ILK, we focused on two serine-threonine kinases, GSK-3 and PKB͞ AKT, both of which have been shown to be regulated by Pi(3)K. Furthermore, we have demonstrated recently that ILK can activate the downstream components of the Wnt-signaling pathway, namely LEF-1 and ␤-catenin (19) . Because GSK-3 has been implicated in regulating ␤-catenin phosphorylation and stability, it seemed to be a likely target of ILK. We have now demonstrated here that stable overexpression of kinaseactive ILK in IEC-18, as well as SCP2 cells, inhibited the activity of GSK-3. Furthermore, transient transfection of GSK-3 with kinase active ILK in HEK293 cells resulted in inhibition of GSK-3 activity, whereas cotransfection of kinasedeficient ILK enhanced GSK-3 activity over basal levels. We also have shown that ILK can directly phosphorylate GSK-3 in vitro. Despite this ability of ILK to phosphorylate GSK-3 in vitro, it is not clear whether the inhibition of GSK-3 activity by ILK is due to direct phosphorylation or via the regulation of PKB͞AKT activity. Because PKB͞AKT phosphorylates serine-9 of GSK-3 resulting in its inhibition (8), we have attempted to determine whether overexpression of ILK in IEC-18 cells or HEK-293 cells results in GSK-3 serine-9, phosphorylation by using an anti-phospho-ser-9-GSK3 antibody. However, we have been unable to detect serine-9 phosphorylation by using this antibody. We are continuing to analyze the details of GSK-3 phosphorylation by ILK, including the stoichiometry of phosphorylation. As discussed earlier, PKB͞AKT is regulated in a Pi(3)Kdependent manner by integrin engagement (2, 27) , as well as by insulin (8) . The activation of PKB͞AKT requires its PH domain but also is dependent on phosphorylation at two sites, threonine-308 and serine-473 (1). A constitutively active kinase, PDK-1 (13), has been shown to phosphorylate threonine-308, but the kinase responsible for phosphorylating serine-473 has not been identified. The data presented here implicate ILK as a kinase that can regulate PKB͞AKT activity by phosphorylation of serine-473. We have shown that the overexpression of a kinase-deficient ILK in both stable as well as transienttransfection assays, results in a substantial inhibition of the phosphorylation of PKB͞AKT on serine-473, suggesting that the kinase-deficient ILK is able to inhibit endogenous ILK function, and implicating ILK in the regulation of phosphorylation of PKB͞AKT on serine-473. ILK is likely to regulate this phosphorylation directly because we can demonstrate that purified ILK can phosphorylate purified PKB͞AKT on serine-473, in vitro, although the stoichiometry of phosphorylation still needs to be determined. It will be interesting to determine whether ILK also can regulate the activity of p70S6K via phosphorylation of threonine-412, which is analogous to serine-473 of PKB͞AKT.
In summary, we have demonstrated a role for ILK in the regulation of two critical Pi(3)K-dependent intracellular effectors, GSK-3 and PKB͞AKT. Furthermore, our findings that cell interactions with the extracellular matrix as well as insulin stimulate ILK activity in a Pi(3)K-dependent manner suggest that ILK is a receptor-proximal effector in the crossmodulation between growth factor response and integrin signaling, possibly resulting from interactions of integrins and growth factor receptors (31, 32) and their immediate effectors, such as IRS-1 (33) . The results also suggest that ILK may be an important mediator of insulin-dependent responses. In this context, it is interesting to note that ILK is expressed at quite high levels in skeletal and cardiac muscle, and in the pancreas (16) . The role of the direct interaction of ILK with the ␤1 and ␤3 cytoplasmic domains in the regulation of these effectors will be the immediate focus of future studies. However, our data clearly implicate ILK as a key element in the regulation of integrin, growth factor, and Wnt-signaling pathways.
